With the advance of new exploration and production technologies, oil and gas production has gone to deeper and tighter formations than ever before. These developments have also brought challenges in scale prediction and inhibition, such as the prevention of scale formation at high temperatures (150-200 C), pressures (1,000-1,500 bar), and total dissolved solids (TDS) (>300,000 mg/L) commonly experienced at these depths. This paper will discuss (1) the challenges of scale prediction at high temperatures, pressures, and TDS; (2) an efficient method to study the nucleation kinetics of scale formation and inhibition at these conditions; and (3) the kinetics of barite-crystal nucleation and precipitation in the presence of various scale inhibitors and the effectiveness of those inhibitors. In this study, nine scale inhibitors have been evaluated at C to determine if they can successfully prevent barite precipitation. The results show that only a few inhibitors can effectively inhibit barite formation at 200 C. Although it is commonly believed that phosphonate scale inhibitors may not work for high-temperature inhibition applications, the results from this study suggest that barite-scale inhibition by phosphonate inhibitors was not impaired at 200 C under strictly anoxic condition in NaCl brine. However, phosphonate inhibitors can precipitate with Ca 2þ at high temperatures and, hence, can reduce efficiency. In addition, the relationships of scale inhibition to types of inhibitors and temperature are explored in this study. This paper addresses the limits of the current predition of mineral solubility at high-temperature/high-pressure (HT/HP) conditions and sheds light on inhibitior selection for HT/HP application. The findings from this paper can be used as guidelines for applications in an HT/HP oilfield environment.
Introduction
Despite the increasing usage of renewable energy, such as wind power and solar power, the world consumption of oil and gas increases continually. In the meantime, conventional oil and gas reserves are rapidly being depleted, but tremendous deepwater and unconventional oil and gas resources remain to be produced in the USA and worldwide. A major driving force for a number of new developments in the oil and gas industry has been the significant increase in demand for oil and gas along with the discovery of deepwater and unconventional oil and gas resources that once were considered inaccessible and/or uneconomical. For example, new drilling and completion technologies have been developed to make oil and gas production from low-permeability sandstone and shale possible. Meanwhile, there are remarkable developments in deep offshore technologies to allow more deepwater production. Exploration companies have been pushing drilling operations farther from shore because of technological improvements that allow them to handle extreme depths and pressures. For example, the Tiber oil field is approximately 7 miles below the Gulf of Mexico. Dyer and Graham (2002) pointed out that a number of HT/HP fields in the North Sea have been in production, and new deepwater production offshore Brazil promises to be a major play for years. Those HT/HP reservoirs are characterized by high pressures (12,000-15,000 psi), high temperatures (>175 C), and very-high-salinity brines (TDS of approximately 300,000 ppm) (Dyer and Graham 2002) . Dyer and Graham (2002) suggested various inorganic mineral scales, such as insoluble barium sulfate, strontium sulfate, calcium sulfate, and calcium and magnesium carbonates, are expected in those HT/HP reservoirs. Additionally, halite scale could also be a problem because HT/HP reservoir brines often have a very high salinity and the decreases of temperature and/or pressure, coupled with even small-percentage evaporation, during production could cause halite to precipitate.
The developments in deepwater oil and gas production have brought more challenges than ever before in oilfield scale control and prediction. First, the solubility data of those mineral scales at HT/HP and high-ionic-strength conditions are very limited. For example, although Blount (1977) studied barite solubilities in water up to 300 C and 1,400 bar (approximately 20,305 psi), most of his data are the solubilities of barite in pure water. He only studied barite solubilities in 0.2 and 4 molal NaCl solutions from 100 to 250 C and from 14.5 to 7,252 psi. Second, the available solubility data or models from different authors are often inconsistent with each other. Third, although more and more research (Dyer and Graham 2002; Dyer and Graham 2003; Fan et al. 2009 ) on scale inhibition has been conducted at high temperatures (>100 C), there is still a lack of knowledge about how to prevent scale formation at such HT conditions. Thermal stability of most commonly used inhibitors, such as phosphino polycarboxylic acid (PPCA), bis-hexamethylenetriamine-penta (methylene phosphonic) acid (BHPMP), diethylene triamine pentamethylene phosphonic acid (DTPMP), and nitrilotrimethylenephosphonic acid (NTMP), are not well studied. The interactions between those inhibitors and background electrolytes, such as Ca 2þ , Mg 2þ , or Fe 2þ , in very high-salinity brines and at high temperatures are especially unclear. Also, the application of those scale inhibitors in an oilfield environment is one of the major concerns of engineers and management teams that need to make effective decisions for scale prevention or control at HT conditions. Such decisions are often made by evaluating the field conditions, scaling tendency, inhibitor performance, and cost. There are also a variety of methods of applying scale inhibitors in the field, such as continuous-injection and inhibitor-squeeze treatments. Inhibitor selection is also directly related to how these inhibitors are applied in the field. For example, inhibitor-squeeze treatment requires inhibitors to have a high inhibitor retention on the rock formation for the treatment to have a long lifetime. For continuous injection, such a requirement is generally not necessary, but inhibitor thermal stability becomes a major consideration. Overall, many aspects have to be considered in order to make a good decision concerning scale prevention and control, expecially at HTs.
The objectives of this study are (1) to review the available solubility data at HT/HP for common mineral scales, including barite, anhydrite, and calcite, and to examine the accuracy of the saturation index (SI) predicted by the scale-prediction software, ScaleSoftPitzer TM (SSP) at HT/HP; (2) to develop an efficient method to study nucleation kinetics of scale formation and inhibition at HT/HP and high-TDS conditions; and (3) to evaluate the performances of numerous scale inhibitors at various temperature conditions.
Background Information
Thermodynamics of Solubility. For a mineral/water reaction, based on the classic Gibbs thermodynamic theory, a general solubility equation at a constant temperature and pressure can be described by
where K sp is the crystal solubility product, a i is the activity of the ith species, i is the stoichiometric coefficient of the ith species in the solid phase, DG is the change in standard-state Gibbs energy for equilibrium at the temperature T (K), and R is the gas constant.
Temperature Effect on Solubility. Using the relationship between the change in Gibbs free energy (DG) for a reaction and the enthalpy DH and the entropy DS at a specific temperature, Eq. 1 at some temperature and P o (a reference pressure) can be rearranged as
Pressure Effect on Solubility. The relation between the solubility product at pressure P and at the reference pressure P o is described as
Theoretical prediction of equilibrium constants at HPs and HTs has been extensively studied by Helgeson and his colleagues (Helgeson 1967; Helgeson et al. 1981; Shock and Helgeson 1988) . In their studies, the temperature and pressure dependence of the partial molar volume, the enthalpy DH, and the entropy DS are used with appropriate integration and differentiation to calculate the free energy of formation and the equilibrium constants at any temperatures and pressures. During the process, 10 to 88 adjustable parameters are involved in the calculations, and the effect of ionic strength is still not included.
Experimental Techniques
Dynamic-Inhibition-Efficiency Test. The HT apparatus used for this study consisted of four syringe pumps (Pharmacia Biotech P-500) and a flow loop with automatic data recording of differential pressure (Fig. 1) . The first two pumps were used for injecting cationic and anionic solutions (each at 120 mL/h). The third pump was used to inject inhibitors into the anionic-solution tubing. The combined flow rate of anionic solution and inhibitor solution is 120 mL/h. At the end of the reaction loop, another pump (Pharmacia Biotech P-500) was used to add microvolumes of 0.2-M EDTA solution (pH ¼ 10) into the loop to stop mineral precipitation (5 mL/h). All compartments of the apparatus were connected with Hastelloy C or polyether ether ketone (PEEK) materials to avoid corrosion and inhibitor adsorption. Before each experiment, all solutions were sparged with Ar gas for approximately 10 minutes, and then subjected to a vacuum for another 10 minutes to remove O 2 . The measured dissolved-oxygen concentration of the brines after the gas sparging and vacuum exposure is near 0.1 ppm or less. After that, the cationic and anionic solutions were pumped separately into two coils of 165-cm-long Hastelloy C tubing with 0.107-cm ID. Approximately 90 cm of the tubing was submerged in an oil bath for heating solutions. The heat-transfer rate in the Hastelloy C tubing has been measured to be approximately 25 C/s, which is equivalent to approximately 7 seconds for the solution to be heated from 25 to 200 C. The heated solutions were then combined by a tee into a 165.1-cm-long tube reactor (reactor volume ¼ 0.817 mL). After this reactor, the fluid flowed through a 40-in.-long, 0.05-cm-ID PEEK tubing submerged partially in cooling water to cool the fluid to room temperature, and then flowed though a backpressure regulator at 250 psia, which was used to prevent the fluid in the loop from vaporizing (watervapor pressure at 200 C ¼ 225 psi). A differential-pressure transducer (Validyne DP 15-34) was connected to the front and back ends of the flow loop to monitor the differential pressure in the reaction coil. Data acquisition was accomplished with a digital multimeter (Radio Shack) connected to a PC for data logging. Effluent samples were periodically analyzed by inductively coupled plasma optical-emission spectrometry (ICP-OES, Perkin Elmer 4300DV) for Ba, S, and P concentrations as a double-check for barite nucleation. After each experiment, 0.2-M EDTA solution (pH ¼ 10) was pumped into the loop for 30 minutes to clean the tubing. Then, deionized water was pumped through for another 30 minutes.
During inhibitor-screening tests, different concentrations of an inhibitor were tested. Because a small amount of inhibitors may adsorb on the surface of the Hastelloy C tubing to create an inhibitor carryover effect from one concentration to another, coaxial tubing with fluorinated ethylene propylene (FEP) tubing as the inner tube was used. FEP tubing was chosen because it has ultralow carry-over effect, high chemical resistance, and low permeability (Cole-Parmer Technical Library 2010 Fig. 2 ). Hastelloy C tubing was used as the outside layer to make the coaxial tubing capable of sustaining high pressure. Such coaxial tubing was tested for several weeks at 200 C to see whether any leaking problems might occur. After intensive use and testing, no distortion of the FEP tubing was found.
Static Inhibition-Efficiency Test. The inhibition-efficiency tests at low-temperature (70 C) conditions were conducted by static bottle-test methods. The experimental protocol used in this study was similar to that of He et al. (1994a, b) . Cationic and anionic solutions were maintained at the desired temperature before mixing. Then, equal volumes of the cationic and anionic solutions were mixed in a jacketed glass reactor and kept at a constant temperature by circulating water from a heating circulator (Julabo F25-MC). The mixed solution was stirred by a Teflon-coated magnetic stirring bar. The time between the generation of a supersaturated state by mixing the two solutions and the first observed change in turbidity monitored by laser-light scattering using a green laser light (k ¼ 532 nm) is defined as the induction period (t 0 ind in the absence of inhibitor, and t inh ind in the presence of inhibitor). 
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Results and Discussion
Predictions of Scale Formation at HT/HP. Mineral supersaturation is probably the most important factor related to kinetics of scale nucleation and growth and can be expressed by the saturation index (SI). Using barite as an example, the SI is defined as: refer to concentration (molality) and activity coefficients of barium and sulfate ions, respectively. Thermodynamically, if the SI barite of an aqueous solution is greater than 0, the solution is supersaturated with respected to barite and barite scale can form; if the SI barite is less than 0, the solution is undersaturated and no barite scale can form; if the SI barite is equal to 0, the solution is in equilibrium with barite. To solve Eq. 4, the concentration of cationic and anionic ions, the activity coefficients of those ions, and the solubility product of the mineral must be known. An accurate prediction of scale formation largely relies on the accuracy of activity coefficients and solubility product, which are not only dependent on temperature and pressure, but also on ionic strength and brine composition.
It is generally accepted that the Pitzer ion-interaction model for activity coefficients provides a good estimate of activity coefficients for high-TDS solutions (Pitzer 1995) . In this study, all the SI values, including the ones of the mixed cationic and anionic solution for barite nucleation and inhibition at high temperatures, were calculated using SSP, in which the Pitzer equations were used to calculate activity coefficients. A detailed description of the Pitzer equations can be found elsewhere (Pitzer 1973; Harvie et al. 1984; Pitzer 1995; Atkinson and Mecik 1997) . Although other formulations can be used to calculate activity coefficients, the Pitzer method is probably the most common method used by oilfield service and production companies.
As discussed in the background information, equilibrium constants of minerals are temperature and pressure dependent. Although theoretical predictions of equilibrium constants can generally be obtained on the basis of the Helgeson theory, such calculations require too many adjustable parameters. Given the lack of thermodynamic data of HTs and HPs, in practice, equilibrium constants of minerals are often calculated by empirical equations. For example, a well-known computer code, SOLMINEQ.88 (Kharaka et al. 1988) , which has been developed on the basis of the Helgeson theory to model mineral/water systems at high temperatures and pressures, contains such empirical K eq /temperature functions-for example, the temperature dependence of the barite solubility product (Langmuir and Melchior 1985 
In the SSP, a modified Eq. 5 is used to express both temperature and pressure effects: :
The accuracy of such models is dependent upon the accuracy and availability of experimental data. A summary of experimental data for common mineral-scale solubility products published since 1950 is presented in Tables 2  through 4 (barite, anhydrite, and calcite, respectively). After examining these data, one can see that reliable solubility data of common scales, such as barite, gypsum, anhydrite, and calcite, are rare at HTs, HPs, and high ionic strengths. These solubility data often come from only one or two research groups, and in some cases only one data point is available at certain conditions. Often, reported solubility data vary from one research group to another. For example, Table 2 lists the available experimental data of barite solubility at HT/HP since 1960. Besides the data obtained by the Brine Chemistry Consortium (BCC) at Rice University in 2005, the data of Templeton (1960) and Blount (1977) are the only available experimental data over the range of conditions. A comparison of the solubility products between Templeton (1960) and Blount (1977) reveals variation, particularly at high-TDS conditions, as suggested by Fig. 3a . The calculated SI values of their solubility data by SSP are plotted in Fig. 3b , which shows that the predictions of SI values by SSP are consistent with Templeton's data and Blount's data, although a closer match was found between the predictions and Templeton's data. The baritesolubility data from BCC (2005) and the corresponding SI values calculated by SSP are plotted in Fig. 4 . This figure suggests that at 1,000 psi with 1-M NaCl conditions, the predicted SI values are consistent with the experimental data. Fig. 5a shows how barite solubilities change with pressure at three different temperatures: 96, 189, and 249
C. The plotted solubility data were adapted from Blount (1977) . As shown in Fig. 5a , the trends of barite solubility vs. pressure are similar at all three temperatures: barite solubility increases with increasing pressure. The corresponding SI values predicted by SSP match well at 96 and 189 C, even at high pressures, but at 249 C the offset between the predicted value and experimental data increases with increasing pressure (Fig. 5b) , and this will be the subject of future studies. Some of these deviations appear to be systematic, and a systematic error of 60.2 in SI corresponds to an error in concentration of 660%, which is much greater than typical field-data errors. Often, this will be the Dickson et al. (1963) ; Blount and Dickson (1969) NaCl (0-6 m) 100-450 C 80-15,000 psi Marshall et al. (1964) ; Marshall and Slusher (1968) NaCl ( difference between the predictions that a brine might need no scale inhibitor and those that suggest use of a scale inhibitor. Fig. 6a shows a pressure dependency of anhydrite-solubility data collected from Dickson et al. (1963) and Blount and Dickson (1969) at a constant NaCl concentration (1.9-m NaCl) and 150, 200, and 249 C. At all three temperatures, anhydrite solubilities increase with the increase in pressure. Fig. 6b is a plot of the corresponding predicted SI values vs. pressure. Similar to Fig. 5b , Fig. 6b shows that at low temperature (150 C), the predicted SI values are consistent with the experimental data at all the tested pressure conditions, whereas at high temperature (200 and 249 C), a large mismatch is found at approximately 17,500 psia. Very few reliable data are available, suggesting that more experimental work is needed at these HT/HP conditions.
The available experimental data of calcite solubility at various temperatures, pressures, TDS, and CO 2 concentrations collected since 1950 are listed in Table 4 . Among common scales, calcite is the most-studied mineral, but the system of CaCO 3 -CO 2 -H 2 O is also the most complex one, mainly because it involves more equilibrium constants, such as CO 2 partitioning constants (K H ¼ P CO2 =fCO 2;aq g), ionization constants (e.g.,
, and solubility products (K sp ¼fCa 2þ gÁfCO 2À 3 g). Each equilibrium constant is a function of temperature and pressure. The SI values calculated by SSP, but based on the experimental data from Wolf et al. (1989) and Ellis (1959 Ellis ( , 1963 , are plotted in Fig. 7 . As indicated by Figs. 7a and 7b , the predicted SI values are consistent with the experimental data, even at high NaCl concentrations (> 4 m, Fig. 7a ) and high temperatures (200 C, Fig. 7b ). These comparisons of the predicted SI values as calculated by SSP and the available experimental data from literature indicate that SSP can accurately calculate SI values of brines up to 200 C, 12,000-15,000 psi, and approximately 300,000-ppm-TDS conditions. However, more experimental and modeling work is needed in order to get an accurate prediction of scale formation at highertemperature (>200 C), -pressure (>15,000 psi), and -TDS (> 300,000 ppm) conditions. For example, at HTs (>200 C) and HPs (>15,000 psi), both barite and anhydrite are more soluble than model predictions (Figs. 5b and 6b, respectively) . This means that model predictions at HTs and HPs may overestimate 
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95ºC (Templeton) 100ºC (Blount) (a) SI Prediction scale risk, and in fact inhibitor treatment may not be needed in the field. Therefore, precaution has to be taken for any scale control at HTs and HPs.
Kinetics of Barite-Scale Formation and Inhibition. Baritecrystal nucleation at 175-200 C was studied in the aforementioned HT apparatus in order to examine the reliability of this method and the feasibility of using the coaxial-tube reactor. Precipitation is monitored by measuring the change in barium concentrations and differential pressures. Table 5 lists 11 brine compositions used in the following experiments. A typical baritenucleation result where Brine 1 was injected into the HT apparatus is plotted in Fig. 8 . As illustrated in Fig. 8 , the concentration of barium decreased immediately after injecting the solutions, while the differential pressure did not show an increase until approximately 22 minutes. Note that the spikes in elevated Ba . Note that experimental data are collected from Wolf et al. (1989) and Ellis (1959 Ellis ( , 1963 .
Anhydrite Solubility vs. P concentrations may be caused by mechanical problems with the apparatus. The Pharmacia syringe pump refilled for 10 seconds for every 10 mL of flow. One can anticipate some fluctuation of barium and sulfate concentrations during the refilling process. However, the overall results indicate that barite precipitated rapidly, but the pressure buildup is much delayed until the coaxialtube reactor is substantially blocked. Similarly, it has been observed that calcite precipitation was better indicated by measuring the pH change than by measuring the pressure buildup in the tubing (Matty and Tomson 1988) . At the end of the experiment, the inner FEP tubing was removed to determine the location of the scale buildup. An image of the inner tube is shown in Fig. 9 . White precipitate appeared at $60 cm from the influent end of the tubing. The X-ray diffraction (XRD) analysis of the solids is shown in Fig. 10 ; the solid is identified to be barite crystals. In the same experiment, the effluents were collected and filtered by 
Influent Effluent
First appearance of barite scale membrane filtration. Small barite crystals were found on the membrane by scanning electron microscopy (SEM), which suggests some precipitates did not attach on the tubing and were flushed out. The SEM images of the barium sulfate crystals are shown in Fig. 11 . From this figure, one can see the very uniform single crystals with a distinguished structure that matches barite-crystal morphology. The size of a single barite crystal is approximately 3.5 lm long and 1.2 lm wide. If these barite particles were trapped in the flowing tube, the crystals could grow bigger. Fig. 12 shows a barite particle stuck on an in-line filter installed at the end of the HT apparatus. Two sets of barite-inhibition experiments were conducted by using SCCB and BHPMP as inhibitors. Both sets of experiments were performed at 200 C with barite SI ¼ 1.23 (Brine 1). With 1-mg/L SCCB, the differential pressures were generally maintained at less than 0.1 psia for at least 150 minutes (Fig. 13) . Some fluctuations in differential pressures, characterized by sudden rise and drop of differential pressures, are observed between 0 and 150 minutes' reaction time. Such fluctuations in differential pressures could also be caused by the syringe pumps, as explained previously. Without SCCB, the tubing was blocked within 30 minutes, accompanied by a steady gradual increase in differential pressures and a decrease in effluent barium concentrations (see Fig. 8 ). In the presence of 1-mg/L SCCB, the barium concentrations was kept constant (see Fig. 13 ) and the measured values are within 5% error margin compared with the barium concentration of the stock solution (148 mg/L) used in this study. Taking systematic errors into the consideration, one can conclude that 1-mg/L SCCB 10 µm successfully prevented barite from precipitating. Once the concentration of the inhibitor SCCB dropped to 0.5 mg/L, a large amount of barite scale formed and blocked the tubing after approximately 50 minutes, indicated by both a gradual increase in pressures and a decrease in the barium concentrations (Fig. 13) . Similar experiments were conducted at 200 C using BHPMP as an inhibitor. A typical result is shown in Fig. 14 . With 1-mg/L BHPMP, the differential pressures were barely increased for at least 120 minutes, which indicated that tubing was not severely blocked (Fig. 14) . However, the fact that barium concentrations dropped by approximately 20% (see Fig. 14) suggests that barite scale did form in the tubing. After 120 minutes, the concentration of BHPMP was reduced to 0.5 mg/L. A large amount of barite scale formed and blocked the tubing within 20 minutes, indicated by both a continuous increase in pressure and a further decrease in barium concentration (Fig. 14) .
The results from these two sets of experiments imply that both BHPMP and SCCB can inhibit barite-scale formation at 200 C, while SCCB is more effective than BHPMP in terms of controlling barite-scale formation at HTs under these conditions. A slow response of pressure change shown in Fig. 8 , and the difference between the measurements of pressure changes and bariumconcentration changes shown in Fig. 14, indicate that without simultaneously measuring concentration change, results of the traditional dynamic tube-blocking method can be misleading. Generally, the severity of barite-scale buildup may be divided into the following three stages: (1) nucleation and precipitation of barite scales; (2) attachment of barite to tubing surfaces; and (3) crystal growing to large particles. Simultaneously monitoring of both pressure buildup and concentration changes will allow us to conduct more-precise scale control.
As shown in Fig. 14 , although BHPMP (1mg/L) did not completely prevent barite-scale formation, the tubing was not blocked. If precipitates flushed out without attaching onto tubing walls, the flow would not be affected by the precipitates. Finding chemicals that can change the sizes, morphologies, and/or chemistry of precipitates to improve their transportability could be a solution for scale control at HTs and HPs. For example, many studies (Xiao et al. 2001; Tomson et al. 2003; Jones et al. 2006; Wang et al. 2006; Barouda et al. 2007 ) have shown that crystal morphology and size can be altered by inhibitors, but more work is needed in this area. Ca  21 and Ba   21 at 200 º C. Two solutions (Brines 2 and 3 in Table 5 ) containing 1-mg/L BHPMP, 1-M NaCl, and 0-or 0.05-M Ca 2þ ions, were flowed through the HT apparatus at 200 C, at 1 and 0.5 mL/min. The BHPMP concentrations of the stock and the effluent solutions were compared. In the absence of calcium, the concentration of BHPMP in the effluents was the same as the BHPMP concentration in the stock solution (1 mg/L), indicating that BHPMP was stable at 200 C (Fig. 15a) . Note that the stability-test duration is less than 1 minute in this study. Additional thermal-stability tests of chemicals under anoxic conditions will be reported in the future. In the presence of 0.05-M Ca 2þ , BHPMP concentration was only 0.66 mg/L or 0.60 mg/L at 1-and 0.5-mL/min flow rates, respectively (Fig. 15a) . This indicates that BHPMP was either adsorbed on the tubing wall or precipitated as a calcium salt. In another set of experiments, the compatibility of BHPMP with Ca 2þ and Ba 2þ at 200 C was studied, in which the solutions (Brines 2, 4, and 5 in Table 5) 
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2þ ions and/or 0.2-M Ca 2þ ions) and were flowed through the HT apparatus at 1 mL/min and at 200 C. The effluent solutions were collected every 10 minutes for BHPMP measurement. The results are plotted in Fig. 15b and show that the BHPMP concentrations in the effluents of the solutions with only BHPMP are consistent with the BHPMP concentration in the stock solution. In the presence of 0.004-M Ba 2þ , the BHPMP concentrations in the effluents remain unchanged. However, with 0.2-M Ca 2þ , the BHPMP concentrations in the effluents dropped from approximately 1 mg/L to approximately 0.6 mg/L (Fig. 15b ). This confirms that BHPMP can react with calcium in solutions and reduce the overall inhibitor efficiency.
Effect of Ca
21 on BHPMP Inhibition Efficiency at 200 º C. The effect of calcium ions on BHPMP inhibition efficiency has been studied by many researchers (Collins 1999; Boak et al. 1999; Xiao et al. 2001; Tomson et al. 2003; Boak et al. 2003; Sobie and Laing 2004; Fan et al. 2009 ). Generally, it is confirmed that calcium ions have a positive effect on BHPMP-inhibition efficiency, especially at low-temperature conditions (<100 C). However, at HTs (150 and 200 C), the experimental results from our previous study (Fan et al. 2009) show that calcium ions (0.05 M) have either no effect or a slight negative effect on barite-scale inhibition by BHPMP at 0.5 mg/L. It is possible that there is not enough BHPMP to inhibit barite formation owing to the precipitation of Ca-BHPMP at HT. In order to test this hypothesis, three sets of experiments with the solutions containing 0.0-, 0.1-, and 0.2-M Ca 2þ (Brines 6, 7, and 8 in Table 5 ), respectively, were conducted in the HT apparatus with 0-and 1-mg/L BHPMP. All baritenucleation and -inhibition experiments were conducted at 200 C with SI barite ¼ 1. in solutions, BHPMP (1 mg/L) appears to be able to completely stop barite precipitation (see Figs. 17b and 18b) , whereas in the absence of Ca 2þ , barite scale was not completely inhibited by 1-mg/L BHPMP (see Fig. 16b ). Note that Brine 7 contained more SO 4 2þ than Brine 6, while less barite precipitation was observed.
Evaluation of Scale Inhibitors. In this study, nine scale inhibitors have been evaluated with both a dynamic tube-blocking test and a static-bottle test. The dynamic tube-blocking tests were conducted at 175 and 200 C, whereas the static-bottle tests were performed at 70 C using the brine compositions of Brines 9 through 11 in Table 5 . In all tests, mixed brines contained 0.025-M Ca 2þ and 0.5-mg/L inhibitor. The experimental results are plotted in Fig. 19 . As shown in Figs. 19a and 19b , most phosphonates, maleic acid copolymers, and phosphinopolycarboxylic acids increase barite induction time at 70 C and at SI barite ¼ 1.33 and 1.61. However, most inhibitors cannot inhibit barite precipitation at HTs and at SI as low as 0.08, except for SCCA and BHPMP. The poor inhibition efficiency may be related to the inability to inhibit the fast barite nucleation at HTs (He et al. 1994b (He et al. , 1995 . BHPMP has been identified as one of the best barite inhibitors (He et al. 1996) . At HTs (175 and 200 C), BHPMP showed a reduced inhibition effect on barite-scale formation. Surprisingly, one sulfonated carboxylate copolymer with poor performance at low temperatures, SCCA, shows a strong inhibition effect in preventing barite-scale formation at HTs (175 and 200 C) . Its inhibition efficiency is even better than that of BHPMP at HTs. This is consistent with previous observations with SCCB. Both sulfonated inhibitors showed better performance than BHPMP at 200 C. A possible explanation is that those sulfonated polymeric inhibitors may form stable calcium complexes at HT to block barite-crystal growth, whereas BHPMP may precipitate with calcium and render it unavailable for barite inhibition. It may also suggest that sulfonated inhibitors are more stable than phosphonates at the HTs. However, sulfonated copolymers often show poor adsorption ability on rock-matrix surfaces. Hence, when inhibitor-squeeze treatment is used in the field, inhibitor-adsorption characteristics on actual core materials have to be tested first. For inhibitor continuous-injection treatment, inhibitoradsorption characteristics may not be one of the most important issues, while inhibitor stability is one of the major concerns, especially at HTs (Cowan and Weintritt 1976) . In an inhibitor continuous-injection treatment, inhibitors are injected continuously through a capillary tubing. If inhibitors are not stable and/or form precipitates at HTs, those precipitates may block the capillary tubing and cause a problem. Additionally, inhibitors may react with high-calcium brines to form pseudoscales. Therefore, when choosing a best inhibitor for oilfield-scale treatment, field conditions, scaling tendency, inhibitor performance, inhibitor-adsorption characteristics on actual core materials, inhibitor stability and thermal stability, methods for applying inhibitors, and the overall cost have to be eavaluated.
Conclusions
A review of the available solubility data for barite, anhydrite, and calcite has been made and the challenges of scale prediction at HTs, HPs, and high TDS have been discussed. The goodness of the fit between the available experimental solubility data and the corresponding SI values predicted by SSP is excellent at most conditions, except at a few very harsh conditions, such as 250 C and 14,648 psia, at which only one data point is available. The results indicate that the solubility data of common mineral scales at HTs, HPs, and high ionic strengths are limited and sometimes conflict with each other. This clearly indicates that more experimental work needs to be conducted at HT/HP conditions. The results also suggest that more caution is needed in scale predition at harsh conditions for any field application. For example, in an ultradeepwater production, well conditions such as temperatures, pressures, TDS, and alkalinity are often difficult to measure accurately. A small error in the measurement can cause a totally different scale prediction at these HT/HP conditions.
In this study, a modified HT apparatus based on the dynamic tube-blocking method and lattice-ion monitoring has been built to study inhibition efficiency of various inhibitors at HTs. The experimental results have shown that this apparatus affords a reliable and efficient method for performing mineral-scale-inhibitor screening under HT conditions. After conducting the barite-nucleation and inhibition experiments and evaluating nine scale inhibitors, it was found that (1) early detection of barite scale relies on measuring the lattice-ion concentration in addition to the pressure buildup; (2) many inhibitors effectively inhibit barite scale at moderate temperature (70 C) but are not effective at HTs (175-200 C); (3) barite-scale inhibition by phosphonate inhibitors was not impaired at 200 C under strictly anoxic conditions and in NaCl brine, but phosphonate inhibitors can precipitate with Ca 2þ ions in the brine at HTs and hence reduce their inhibition efficiency; and (4) sulfonated carboxylate copolymers show a better inhibition effect on barite-scale formation at HTs (175 and 200 C) . Note that the inhibitors were exposed to HTs for 12-230 seconds in the testing conditions of this study, and the long-term thermal stability of inhibitors under anoxic conditions will be reported in the future. These results can be used as guidelines in selecting inhibitors for oilfield application in HT/HP conditions. 
